Assessment of the flexural buckling resistance of bisymmetrical I-section beam-columns using FEM is widely discussed in the paper with regard to their imperfect model. The concept of equivalent geometric imperfections is applied in compliance with the so-called Eurocode's general method. Various imperfection profiles are considered. The global effect of imperfections on the real compression members behaviour is illustrated by the comparison of imperfect beam-columns resistance and the resistance of their perfect counterparts. Numerous FEM simulations with regard to the stability behaviour of laterally and torsionally restrained steel structural elements of hot-rolled wide flange HEB section subjected to both compression and bending about the major or minor principal axes were performed. Geometrically and materially nonlinear analyses, GMNA for perfect structural elements and GMNIA for imperfect ones, preceded by LBA for the initial curvature evaluation of imperfect member configuration prior to loading were carried out. Numerical modelling and simulations were conducted with use of ABAQUS/Standard program. FEM results are compared with those obtained using the Eurocode's interaction criteria of Method 1 and 2. Concluding remarks with regard to a necessity of equivalent imperfection profiles inclusion in modelling of the in-plane resistance of compression members are presented.
INTRODUCTION
The classical linear stability theory of structures is based on assumptions of the idealized structure perfect geometry and the structure residual stress free state in the initial configuration adopted as a reference one for modelling the stability behaviour. Furthermore, for the flexural bifurcation buckling behaviour of plane frameworks it is required that all the frame members are under pure compression. The prebuckling internal force state needs therefore to be decomposed into a membrane stress resultant state (axial forces) and the flexural stress resultant state (bending moments) that are in the equilibrium with applied actions [35] . Steel beam-columns of real structural frameworks do not however comply with these assumptions since firstly -they are fabricated with unavoidable initial curvature and residual stresses due to the heat treatment technological production processes of rolling or welding, and secondly -coupling of the membrane and flexural internal force states that results in compression/tension and bending of framework members right from the beginning of the load application. Hence, the bifurcation instability described by the linear buckling theory does not generally take place since the structure response to actions belongs to the class of nonlinear equilibrium path problems analysed within the framework of either the second order theory (a direct extension of the linear buckling theory) or the large deformation theory (the nonlinear buckling theory) [36] .
Analytical or numerical solutions related to the strength limit of hypothetically perfect structures constitute therefore an upper bound limit of the resistance evaluations based on the nonlinear equilibrium path behaviour of real structures the imperfections of which are of infinitesimally small values [33] . Furthermore, in case of applied actions producing purely membrane state of stress, the bifurcation instability behaviour of hypothetically perfect structures has to be interpreted as the limiting behaviour of real structural systems the imperfections of which are of infinitesimally small values. The practical implication of the above statements is that the inelastic buckling strength predictions of perfect systems may be obtained numerically with use the so-called GMNIA (geometrically and materially nonlinear analysis with imperfections taken into account) in which the imperfection types are reduced to a representative one of an infinitesimally small value. Results obtained in this way for frameworks the members of which are subjected to combined membrane and flexural stress states are practically coinciding with those of GMNA (geometrically and materially nonlinear analysis without imperfections taken into account). Moreover, in case of applied actions producing purely membrane state of stress resultants, GMNIA with an infinitesimally small value of the representative imperfection allows for the buckling strength estimation of perfect members (analysis denoted hereafter by GMNA+) the prediction of which could not have been possible by the direct use of GMNA.
The imperfection of a representative type is treated as an equivalent imperfection which has a similar effect on the stability behaviour of the structure as the combined effect of all imperfections.
The most useful concept with this regard is concerned with an equivalent geometric imperfection as the representative imperfection. The adopted initial configuration is therefore related to a distorted initial geometry profile that is postulated to be a combination of LBA eigenmodes [10] (evaluated from the linear buckling analysis of perfect structure) with an appropriate scaling of their amplitudes. In case of steelwork design, the scaling procedure has to conform with the so-called Eurocode's general method [11] . Hence, the amplitude of equivalent geometric imperfection of the lowest eigenmode of the frame member most sensitive to buckling is linked to the strength of the single member based on the Eurocode's buckling curve formulation and dependent upon the member cross section type, the proportion of section dimensions, the direction and type of buckling and finally the steel strength value. The detailed explanation of the Eurocode's general method is given in the ECCS Manual [30] . Numerical validation of this method for prismatic members is presented in [29] . Considering only a single imperfection profile which is defined by the lowest buckling mode can lead to errors in some cases of structural system strength evaluations. Therefore, combinations of the basic mode with higher buckling modes should also be investigated [28] . The direction of the imperfection amplitude is also of a high importance in regard to the external load application. Introduction to the incorporation of equivalent member imperfections in the global analysis of steel frames are given in [8, 15] . The overall definitions of the equivalent initial imperfection are presented in [3, 4] for Class 2 and Class 3 cross-sections and in [23] for all the cross-section classes. Practical application of the so-called Eurocode's general method to design of steel beam-columns is presented in [6, 13, 19, 24] .
In EN 1993-1-1 [11] , member imperfections can be considered indirectly as well, by using the resistance interaction formulae. For the member subjected to compression and bending, two alternative methods are available, namely Method 1 [7] (so-called "the French-Belgian approach") and Method 2 [16] (so-called "the Austro-German approach"). Both of these methods make use of the buckling curve approach in a well-known Ayrton-Perry format [5] and the concept of equivalent bow imperfection [26] .
Nowadays, numerical solutions of buckling problems are obtained mainly with the use of the finite element method [34] . Analytical and numerical solutions of the buckling resistance of steel beam-columns may be found in many papers and monograph publications, [9, 20, 22, 27, 31, 33, 35] among others. For the case of in-plane beam-column buckling a new design method is presented in [32] . This proposal is compatible with Eurocode's general method and combines the advantages of the interaction and generalized slenderness concepts. This method is validated against numerical results using GMNIA with imperfections in the form of initial bow geometric imperfection (with a constant amplitude related to the length of member) and residual stresses. Advanced geometric and material nonlinear analysis for direct design on steel structure will be the standard method of structural steel design over the next few decades [25] .
In the present study, the structure initial deflected profile in the form of a LBA multi-modes combination used as the equivalent geometric imperfection profile is considered. The effect of equivalent imperfection profile on the buckling resistance of real steel members of a wide flange section subjected to compression and moment gradient bending is examined. The amplitude corresponding to the lowest eigenmode is calculated according to the general method of [11] while for the amplitude of the second lowest eigenmode, two values are taken into account as indicated in [14] . FEM discrete computational models are built with use of shell elements within the large displacements theory implemented in the ABAQUS/Standard package via the NLGEOM option [1, 2] . A number of computer simulations for different imperfection profiles have been run using GMNIA. The results are presented in the form of dimensionless interaction graphs describing the pair of internal stress resultants at the ultimate limit state. Discrete points of resistance curves of imperfect members evaluated from GMNIA are compared with those obtained with use of GMNA+ and regarded as a close estimation of the results referred to their perfect counterparts (columns and beam-columns). Finally, the results based on Eurocode's analytical formulations according to Method 1 and Method 2 are verified by comparing them with the results from GMNIA for the imperfection profiles considered. Practical conclusions are drawn with regard to the effect of single and multiple mode imperfection profiles on the buckling strength of beam-column elements.
THE BASIC ASSUMPTIONS

DESCRIPTION OF BEAM-COLUMNS GEOMETRY AND LOADING
Beam-columns of the HEB 300 rolled section are considered that are fully laterally and torsionally restrained between end supports for buckling and bending about y-y (Fig. 1b) axis while for buckling and bending about z-z axis the modelling of in-plane buckling and bending is relevant to all the situations of in-span unrestrained and restrained boundary conditions (in general simply supported beam-columns). The LHS support is hinged and immovable in x direction while the RHS is also hinged but with the allowance for longitudinal movement. The beam-column section is of class 1 (insensitive to local buckling of section walls). The range of slenderness ratio of 0.2-4.0 is regarded for both considered planes of flexural buckling and bending. Table 1 shows the beamcolumn lengths corresponding to the considered range of the slenderness ratio. Table 2 and Fig. 2 ). Table 2 shows the load cases considered in numerical simulations. 
UM -uniform moment diagram; opposite sign end moments (reference cases) TM -triangular moment diagram; end moment applied only over one support AM -anti-symmetric moment diagram; consistent sign end moments
MATERIAL MODEL, FINITE ELEMENT TYPES AND GEOMETRIC DISCRETIZATION
For material description, the constitutive model of elasto-plasticity with Huber-Mises yield condition is used [17] . The Huber-Mises surface is a potential for plastic strains, so the associated flow rule is applied. What's more, to make possible modelling material behaviour shown in Fig. 1a in case of uniaxial tension test, the isotropic strain hardening is also needed [18] . For the uniaxial tension test, represented graphically in Fig. 1a the following dimensionless coordinates Table 3 . For the amplitudes of higher order buckling modes, different approaches to the evaluation of their amplitude values are considered as discussed in details in [14] . In cases involving the second mode, the sine wave amplitude e0,ip,2 in relation to that of e0,ip = e0,ip,1 of the initial deflection profile, two possibilities were suggested in [14] :
1. The amplitudes of the successive eigenmodes yield from the concept of buckling length equivalence e0,ip,i = e0,ip / i, leading for i = 2 to the ratio e0,ip,i / e0,ip = 1/2. Considered hereafter cases of the single imperfection profile are given in Table 4 . The effect of multiple mode imperfection profile on the buckling resistance of beam-columns is simulated by considering two lowest buckling modes of the different wave amplitude as shown in Table 5 . Cases a and b refer to the notation used in Table 4 . Strong e0,y1 "+" e0,y2a e0,y1 "+" e0,y2b 
EFFECT OF MESH REFINEMENT ON THE BUCKLING RESISTANCE
Before conducting the simulations, a study of mesh refinement effect on the buckling resistance is carried out for bending and buckling about y-y and z-z axes, and for a selected single value of the -Step 1: Application of concentrated moments of the above stated value over the member supports in order to get the prebuckling bending state of action effects.
-Step 2: Application of the displacement along the x-x axis of the RHS support in an incremental way using the Newton-Raphson algorithm in order to follow up the nonlinear equilibrium path and the maximum reactive force at the RHS support that corresponds to the limit point on the equilibrium path.
It is noticeable that the reversal of steps 1 and 2 of the loading sequence, i.e. first the application of the force along the x-x axis at the RHS support of a value lesser than that of the column buckling resistance and then the application of equal and opposite rotations at the LHS and RHS supports leads to the results being practically the same as for the sequence adopted hereafter [12] . Table 6 shows the cases considered for the study of the influence of mesh refinement on the buckling resistance and Table 7 summarizes the considered meshes. Table 7 . Regular meshes considered in the study of mesh refinement effect on the buckling resistance In all the cases studied, the buckling resistance results for the meshes from the coarse one to the fine one are practically the same with regard to the accuracy used in engineering practice. This yields the equilibrium paths that practically coincide with each other.
The study of mesh refinement effect on the buckling resistance was also carried out in case of bending and buckling about z-z axis. Tables from 11 to 13 present the results respectively for mcz = 0.0, 0.5 and 0.9. The same notation as in Tables from 8 to 10 is used in Tables 11-13 . In regard to the buckling resistance, the effect of mesh refinement on the equilibrium path and the limit point on this path is more visible for bending and buckling about z-z axis than in the case of bending and buckling about y-y axis. The differences rise in course of the increase of the dimensionless bending moment over the dimensionless compressive force. The coarse meshes of the size in the range of 30 mm to 50 mm give for a high value of the dimensionless moment, e.g. mcz = 0.9, the substantially lesser value of the ultimate axial force than the fine meshes of the size 15 mm to 30 mm. As a result, the equilibrium paths of the former cases are distinctively different than those for the latter cases in both prelimit and postlimit ranges of the member load-displacement relationship. The conducted study gave way to an adoption of meshing that yields more balanced results of FEM simulations in reference to the calculation time and the accuracy level that is acceptable from an engineering point of view. In the simulations presented hereafter the dimension of shell finite elements along the section walls mid-surface contour is taken of a = 30 mm (Me_3) and of a different value b along the x-x axis, depending upon the member length. This yields the range of ratio a/b being between 0.91 and 1.00 for bending and buckling about axis y-y and 0.94 and 1.00 for bending and buckling about axis z-z.
RESULTS OF NUMERICAL SIMULATIONS FOR THE IN-PLANE BENDING
AND BUCKLING
BEAM-COLUMNS SUBJECTED TO AXIAL COMPRESSION
Figs. 3 and 4 present the results for imperfect beam-columns for which the applied moments are equal to zero. Results correspond to single imperfection profiles, namely, Cases 1, 2a and 2b (see Tab. 4) and are compared with results obtained with application of Eurocode's recommendations [11] . In the figures, the following designations are used: dashed line -results from adopting the Eurocode's criteria [11] , solid line -Euler's curve, PER -results of elements with perfect geometry according to [12] (GMNA+ denoted by squares, LBA denoted by diamonds), IMP_1, IMP_2a,
IMP_2b -results of numerical simulations of present study taking into account the appropriate imperfection profiles (GMNIA denoted by circles and triangles). to notice that firstly, the Riks (or Newton-Raphson) incremental-iterative algorithm in the NLGEOM option used in ABAQUS/Standard cannot detect the effect of bifurcation instability. As a result, the imperfect column deflects according to the double curvature from the starting point of Px,d load application up to reaching the limit point on the nonlinear equilibrium path characterizing the imperfect member response under adopted loading conditions. Secondly, the resistance results referred to the value of amplitudes based on the slenderness ratio concept are lower than those based on the energy concept, and closer to the results of Eurocode's buckling curve formulation based on the critical force equal to the second lowest bifurcation force. Figs. 5 and 6 present the results of imperfect columns for which double imperfection profiles are used, namely Case 1 "+" 2a, and Case 1 "+" 2b (see Table 5 ) and are compared with outcomes resulting from the application of Eurocode's recommendations [11] . In the figures, the following It is important to notice that in the present study of class 1 section members the application of
Mc,ip,Rk = Mpl,ip,Rk is used throughout the FEM simulations.
BEAM-COLUMNS SUBJECTED TO IN-PLANE BENDING AND BUCKLING
The results of numerical simulations are illustrated graphically by the relationship between the lines, respectively for cases e0,ip1"+"e0,ip2a and e0,ip1"+"e0,ip2b (see Table 5 ) and evaluated for the amplitudes based also on Mip,pl,Rd. They are compared with numerical results obtained for the amplitude value e0,ip1 (dotted line) to assess the effect of the higher order eigenmode in combination with the lowest one on the buckling resistance. 
COMPARISON OF IMPERFECT BEAM-COLUMN RESISTANCES WITH EUROCODE'S RECOMMENDATIONS
The results derived from numerical simulations are compared with those of EN 1993-1-1 [11] . In the figures, the following designations were adopted: _1 -geometric imperfection profile 
CONCLUDING REMARKS
In this paper, the comprehensive study of the geometrical imperfection shape and amplitude on the resistance of simply supported columns and beam-columns of H-sections is presented for a wide range of the slenderness ratio. The analysis was done for hot-rolled wide flange HEB 300 section subjected to both compression and bending about the major and minor principal axes and with different bending moment distributions (cases denoted by UM, TM, AM) along the member longitudinal x-x axis. The global resistance curves in all cases were determined on a basis of FEM simulations using the shell modelling technique and elasto-plasticity constitutive model. Thanks to that there is no need for division onto the cases in which material behaves elastically (elastic buckling), material behaves elasto-plastically or plastically. Depending on the slenderness ratio, cross-section type, boundary conditions, imperfection type, imperfection amplitude value or material description, the global response of imperfect beam-columns is to be determined accurately.
Various imperfection profiles were applied for the beam-column resistance evaluation and obtained 
STRESZCZENIE:
W artykule przedstawiono obszerne studium numeryczne dotyczące wpływu kształtu i amplitudy imperfekcji o charakterze geometrycznym na nośność swobodnie podpartych elementów ściskanych i zginanych bez zwichrzenia o przekrojach dwuteowych bisymetrycznych walcowanych typu HEB. Imperfekcje przyjęto zgodnie z koncepcją równoważnych imperfekcji geometrycznych (która ujmuje zbiorczo zarówno wpływ losowych imperfekcji geometrycznych jak również materiałowych różnych typów) w odniesieniu do tak zwanej eurokodowej metody ogólnej [11] .
Zgodnie z koncepcją metody ogólnej linia wstępnego wygięcia odpowiada skalowanej formie sprężystego wyboczenia, stowarzyszonego z wektorem własnym ze sprężystej analizy wyboczeniowej (LBA). Należy jednak zwrócić uwagę, że rozważenie tylko pojedynczej imperfekcji odpowiadającej pierwszej postaci wyboczenia może w niektórych układach konstrukcyjnych prowadzić do błędów w oszacowaniu ich nośności. W analizie powinno się uwzględnić kombinację imperfekcji geometrycznych odpowiadających pierwszej podstawowej i wyższym postaciom wyboczenia [28] . 
